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Abstract

The U.S. Army Research Laboratory-Weapons and Materials Research Directorate
(ARL-WMRD) performed a dimensional inspection and metallurgical investigation of AH-64
Apache tail rotor strap pack assemblies and individual laminate sets. All of the dimensional
critical characteristics were examined in an attempt to determine the cause of a buckling
phenomenon within the strap pack assemblies. Conformance to the manufacturer’s governing
specifications with respect to the material, heat treatment, and marking requirements was also
investigated. The cause of the buckling was attributed to a combination of factors. Dimensional
nonconformances were identified. Most of the hole diameters were found to be well below the
specified range, causing the assemblies to be forced together. Transposition of the laminates
during manufacture was also highly likely to have occurred, adding to the misalignment of the
assembly. All other characteristics of the laminates and assemblies were found to conform to

the governing part drawings and specifications.
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1. Introduction

The U.S. Army Aviation and Missile Command (AMCOM) requested an investigation
consisting of metallurgical examination and dimensional inspection of Apache tail rotor strap
pack assemblies and individual laminate sets. The laminate material is very thin (approximately
0.014 in) sheet AM-355, a semiaustenetic stainless steel. The U.S. Army Research Laboratory,
Weapons and Materials Research Directorate (ARL-WMRD), received two Quality Deficiency
Report (QDR) exhibits, which were to be used as the assemblies for inspection. Additionally,
nine individual laminate sets were sent to ARL-WMRD for inspection (serial numbers [SN]
003343-1167, -1168, -1169, -1172, -1173, -1174, -1175, -1176, and -1177). ARL-WMRD was
requested to perform a dimensional inspection of the two QDR assemblies per the governing
specifications and also verify that they were properly assembled. Additionally, ARL-WMRD
was requested to inspect three laminates (selected at random) from each separate laminate set
received for conformance to the governing documents. Later, this was altered to include a
complete dimensional inspection of one laminate set selected at random. Verification of surface
finish, edge finish, and hole finish and all other critical characteristics was to be determined as
prescribed by the governing documents. ARL-WMRD was also requested to perform a full
metallurgical investigation of one laminate from both QDR assemblies received to verify
material and heat treatment. Finally, it was requested of ARL-WMRD to substantiate that all

components were marked and designated in accordance with the appropriate specifications.

2. Objectives

The purpose of this work was to determine the cause of the buckling phenomenon on the two
QDR tail rotor assembly exhibits. Additionally, all components involved were evaluated for
conformance to the governing manufacturing, process, and identification specifications of the

assembly.




3. Experimental Procedure

3.1 Visual Inspection and Light Optical Microscopy. Both QDR exhibits (designated
W81CL8940027 for SN 003343-0899 and W81CL8940085 for SN 003343-1548) received by
ARL-WMRD were visually inspected [1, 2]. It was noted that both exhibits experienced
extensive buckling between the individual laminates that make up the assemblies. The assembly
is governed by the McDonnell Douélas drawing package BP-7-211421035 [3]. Figures 1 and 2
depict QDR exhibit 003343-1548 (1548) as received by ARL-WMRD.

Figure 1. Macrograph of the As-Received Strap Pack 1548 (Top View). (Scale in Inches.)

Figures 3 and 4 show QDR exhibit 003343-0899 (0899) as received by ARL-WMRD. The
individual quality deficiency reports designate buckling and/or displacement of the first laminate
for exhibit 1548 and the third and eleventh laminate for exhibit 0899. These findings were
verified by ARL-WMRD via optical microscopy. The first laminate was visibly buckled on
exhibit 1548, as depicted in Figure 5. Closer examination of the white outlined box in Figure 4

reveals the buckling of the third and eleventh laminates on exhibit 0899. The additional nine




Figure 2. Macrograph of the As-Received Strap Pack 1548 (Side View). (Scale in Inches.)

laminate sets received by ARL-WMRD were also inspected for surface finish and marking
requirements per EPB-4-321, Rev.E [4]. All components had surface finishes wéll within
specification. The individual laminates had surface finishes ranging from 2-4 Ra (um), well
within the specified value of 8 Ra (um). The laminates are governed by the McDonnell Douglas
laminate drawing package, BP-7-211421023 and the AM-355 material specification,
HMS-6-1073, Rev. E [5, 6]. All tail rotor laminates were blanked within 15° of the longitudinal
grain direction of the components in agreement with EPB-4-321, Rev. E [4]. The components
were also correctly marked and/or stamped acéording to the governing identification and

serialization specifications, HP 8-5 and HP 8-8 [7, 8].




Figure 3. Macrograph of the As-Received Strap Pack 0899 (Top View). (Scale in Inches.)

Figure 4. Macrograph of the As-Received Strap Pack 0899 (Side View). (Scale in Inches.)




Figure 5. Macrograph of the Buckling on Strap Pack 1548. (Scale in Inches.)

3.2 Dimensional Inspection. A three-axis coordinate measuring machine (CMM) was used
to check the dimensional conformity of the strap pack laminates. It must be understood in an
analysis of the data that the laminates were edge-finished prior to dimensional inspection. This is
significant, since the CMM employs a spherical ruby stylus when acquiring measurement data. If
the edges of the laminates are also rounded, slight inaccuracies may exist in the measurements
obtained due to the extreme thinness of the laminates (approximately 0.014in). Figure 6
illustrates this phenomenon. However, it is important to note that this small source of error
would not account for hole dimensions with measured value smaller than that specified, as the
drawing illustrates. If the spherical stylus caused error to be introduced, the dimensions of the
holes would be artificially inflated rather than reduced. Therefore, the slight inaccuracy might
only explain dimensions that are out of tolerance by being larger than specified. Dimensions
found to be smaller than specified cannot be explained away under this argument and are of
significant concern. This inaccuracy in measurement due to the edge finishing and spherical

stylus is very small, approximately 0.0005 in maximum, and is exaggerated in Figure 6.
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Table 1 is a listing of the measurements taken by the CCM during the inspection of the QDR
exhibit tail rotor strap pack assemblies, 1548 and 0899. Refer to the laminate illustration,

Figure 7, for the individual measurement locations.

4. Discussion

The boxed data in Table 1 indicate the most likely source of the buckling. It can be seen
from the data for dimensions E and F that the average value of DIM. E is larger by 0.006 in
(average value DIM. E = 1.1294 in and average value DIM. F = 1.1233 in, neglecting the boxed
data). The transposition occurs when a laminate is rotated 180° and inserted back into the stack.
Therefore, DIM. E becomes DIM. F for the transposed laminate. It can be seen in the data that

the transposed laminate’s DIM. E values closely resemble the other laminate’s DIM. F values.




Table 1. Dimensional Data for QDR Exhibits 1548 and 0899

Laminatte | DIM.A | DIM.B | DIM.C | DIM.D | DIM.E | DIM.F | HOLE1 | HOLE2 | HOLE3 | HOLE 4
Specification | 23200 | 11.600 | 11.600 2250 1125 | 1.125 | 06883 | 06883 | 0.1955 | 0.1955
Tolerance | +0.010 | +0.010 | +0.010 | +0.010 | £0.010 | £0.010 | +0.0002 | +0.0002 | +0.0005 { +0.0005
3 | -0.0003
#1548 -1 | 23.20456 | 11.60183 | 11.60272 | 2.25099 | 1.12874 | 1.12225
#1548 -2 | 23.20537 | 11.60260 | 11.60276 | 2.25192 | 1.12187 | 1.13005
#1548 -3 | 23.20522 | 11.60138 | 11.60384 | 2.25078 | 1.11997 | 1.13080
#1548-4 | 23.20614 | 11.60289 | 11.60325 | 2.25194 | 1.12089 | 1.13105
#1548 -5 | 23.20673 | 11.60381 | 11.60292 | 2.25018 | 1.12116 | 1.12901
#1548 -6 | 23.20611 | 11.60287 | 11.60324 | 2.25046 | 1.11985 | 1.13062
#1548 -7 | 23.20587 | 11.60316 | 11.60271 | 2.25145 | 1.12176 | 1.12969
#1548 -8 | 23.20560 | 11.60240 | 11.60320 | 2.25260 | 1.12170 | 1.13090
#1548 -9 | 23.20480 | 11.60250 | 11.60230 | 2.25030 | 1.12100 | 1.12930
#1548 - 10 | 23.20700 | 11.60290 | 11.60420 | 2.24930 | 1.11930 | 1.12990
#1548 - 11 | 23.20600 | 11.60310 | 11.60290 | 2.25090 | 1.12210 | 1.12980
#1548 - 12| 23.20550 | 11.60280 | 11.60260 | 2.25230 | 1.12240 | 1.12990
#1548 - 13 | 23.20590 | 11.60310 | 11.60280 | 2.25130 | 1.12170 | 1.12950
#1548 - 14 | 23.20570 | 11.60310 | 11.60260 | 2.25150 | 1.12120 | 1.13030
#1548 - 15| 23.20680 | 11.60330 | 11.60350 | 2.25160 | 1.12150 | 1.13010
#1548 - 16 | 23.20570 | 11.60290 | 11.60280 | 2.25070 | 1.12120 | 1.12940
#1548 - 17 | 23.20610 | 11.60290 | 11.60320 | 2.25180 | 1.12190 | 1.12990
#1548 - 18| 23.20600 | 11.60290 | 11.60320 | 2.25060 | 1.12140 | 1.12990
#1548 - 19| 23.20620 | 11.60290 | 11.60330 | 2.25180 | 1.12240 | 1.12920
#1548 - 20 | 23.20530 | 11.60250 | 11.60280 | 2.25200 | 1.12150 | 1.13050
#1548 - 21 | 23.20620 | 11.60290 | 11.60330 | 2.25050 | 1.12120 | 1.12930
#1548 - 22 | 23.20570 | 11.60290 | 11.60280 | 2.25120 | 1.12180 | 1.12930
#0899 -1 | 23.20560 | 11.60270 | 11.60290 | 2.25170 | 1.12840 | 1.12320
#0899-2 | 23.20600 | 11.60290 | 11.60320 | 2.25250 | 1.12940 | 1.12300
#0899 -3 | 23.20540 | 11.60270 | 11.60260 | 2.25220 ] 1.12280 | 1.12940
#0899 -4 | 23.20560 | 11.60270 | 11.60290 | 2.25190 | 1.1289 | 1.12300
#0899 -5 | 23.20460 | 11.60210 | 11.60250 | 2.25220 | 1.12860 | 1.12350
#0899-6 | 23.20560 | 11.60240 | 11.60320 | 2.25220 | 1.12860 | 1.12360
#0899 -7 | 23.20530 | 11.60240 | 11.60290 | 2.25220 | 1.12880 | 1.12350
#0899 -8 | 23.20550 | 11.60290 | 11.60290 | 2.25280 | 1.12940 | 1.12340
#0899-9 | 23.20540 | 11.60260 | 11.60270 | 2.25230 | 1.12920 | 1.12310
#0899 -10 | 23.20520 | 11.60250 | 11.60280 | 2.25150 | 1.12880 | 1.12270
#0899 -11 | 23.20560 | 11.60280 | 11.60280 | 2.25360 [ 1.12300 | 1.13060
#0899-12 | 23.20570 | 11.60290 | 11.60280 | 2.25270 | 1.12950 | 1.12320
#0899 -13_ | 23.20550 | 11.60250 | 11.60300 | 2.25300 | 1.12960 | 1.12340
#0899 -14 | 23.20500 | 11.60250 | 11.60250 | 2.25310 | 1.12940 | 1.12360
#0899 -15 | 23.20520 | 11.60260 | 11.60260 | 2.25310 | 1.12950 | 1.12350
#0899 -16_ | 23.20500 | 11.60250 | 11.60250 | 2.25280 | 1.12960 | 1.12330
#0899 -17 | 23.20560 | 11.60270 | 11.60290 | 2.25340 | 1.12990 | 1.12350
#0899 -18 | 23.20590 | 11.60310 | 11.60280 | 2.25340 | 1.12970 | 1.12370
#0899 -10 | 23.20550 | 11.60270 | 11.60280 | 2.25350 | 1.12980 | 1.12380
#0899 - 20 | 23.20510 | 11.60240 | 11.60270 | 2.25370 | 1.13000 | 1.12380
#0899 -21 | 23.20550 | 11.60280 | 11.60270 | 2.25350 | 1.13120 | 1.12230
#0899 - 22 | 23.20520 | 11.60250 | 11.60260 | 2.25320 | 1.12970 | 1.12340

Note: Boxed data indicate a transposition of the laminate about the y-axis.
Shaded data indicate values out of specification.
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Figure 7. Illustration of the Defined Laminate Dimensions for Tables 1, 2, 3, and 4.

The converse also holds true. Once a 180° transposition about the Y-axis of a laminate has
occurred, forcing a rivet through these centrally located rivet holes will cause an offset of the
entire laminate. Therefore, the assembly is forced to buckle when the bushings are placed
through the ends of the laminate stack. Figure 8 visually depicts the transposition and buckling

scenario.

Further evidence of this scenario is suggested by the displacement/buckling location within
the laminate stack as reported previously. The displacement and buckling location matches
precisely with the boxed data laminate numbers in Table 1. In strap pack 1548, the first laminate
is visibly displaced (refer to Figure 5), and for strap pack 0899, the third and eleventh laminates

are displaced (refer to Figure 4).
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Figure 8. Illustration of the Transposition About the Y-Axis and Buckling Scenario.

Based upon these initial findings of the QDR exhibits, ARL-WMRD was asked to perform a
full dimensional analysis of three randomly selected laminates from each of the nine individual
laminate sets received, in addition to two single separate laminates. Tables 2—4 list the data

acquired using the CMM.

The only significant finding in the data in Table 2 was that the first extra laminate inspected

~ was considerably out of tolerance with respect to its width dimensions. The transposition event

is not discernable within this data due to the absence of the data from the complete sets. Three

laminates are not enough to establish a pattern in the measurement data.

Based upon the findings in Table 3, it was obvious that a complete laminate set must be

dimensionally checked for the transposition about the Y-axis to be seen within a laminate set.
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Therefore, one complete laminate set (SN 003343-1174, laminates 1-22) was dimensionally
checked for conformance to the governing drawings. The results are listed in Table 4. Also, it
was acutely apparent from the randomly selected laminates that a problem existed with the hole
dimensions. The radii also appeared to be out of specification; however, the edge finishing of the
laminates might be effecting these results as previously discussed. Regardless, the hole

dimensions are much more critical from a stress analysis standpoint than the radii dimensions.

A 180° transposition about the Y-axis was not seen for any laminate within this laminate
assembly set. It cannot be inferred from this investigation that the transposition of the laminates
is either an abundant or infrequent occurrence. ARL-WMRD looked at only one complete
laminate set, other than the QDR exhibits. A proper estimation of the frequency of this
occurrence should be drawn from a larger population of laminate sets. However, the frequency
with which the hole dimensions are out of specification (smaller than the acceptable value) is
significant and distressing. Considering the hole diémeters were found to be smaller than the
acceptable values, the bushings and rivets must have been forced through these holes during
assembly. The bushings and rivets are governed by specifications BP-7-211421028 and
NAS-529, respectively [9, 10]. Forcing the rivets through small holes would place undo stresses
on the edges of the hole as well as the bushings and rivets. If the bushings and rivets must be
forced in place, it could contribute to the buckling condition based on the assumption that the
hole tolerances were probably set to allow for imperfections in part symmetry. If the holes are
too small, individual laminates are forced to positions that may or may not align with the other
laminates. This concept is depicted in Figure 8. In addition, creating stress concentrations on the
inner diameters of these holes as well as the bushings and rivets might lead to serious problems

for parts under fatigue loading conditions.

The laminates were also checked for conformance with EPB-4-321. No discrepancies or
nonconformances with the specification were found. The surface finishes were all within
2—-4 Ra, which was well within the specified 8 Ra. ‘Appendi-ces A-D present the data acquired on
the edge finishing for the individual laminates of 'th»e sets analyzed. Strap packs 0899 and 1548,

were examined, in addition to the three randomly selected laminates from each laminate set, the
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two extra laminates, and the one complete laminate set 1174. The data were acquired from an
image analysis system equipped with a CCD camera. The values obtained are based on a
calibration performed on the laminates and are accurate only to one decimal place. The interior
hole edge finishing data could not be acquired due to the small size of the holes. A boroscope
small enough to acquire this data was not available. However, the edge finishes of all holes on
all laminates were visually examined using optical microscopy techniques at 10x-65x
magnification. Although no measurements could be taken, ARL-MD verified that all hole edges

appeared properly broken and no discrepancies were observed.

5. Metallography

A representative longitudinal and transverse section of the strap pack laminates from 0899 and
1548 were mounted and metallographically prepared. The specimens were mounted in Bakelite
with edge retention and rough-polished with 180—600-grit silicon carbide paper. Fine-polishing
was accomplished with hand-polishing wheels using 3-pm and 1-pm diamond suspensions. Final
polishing was performed with a vibratory unit and 0.06-pm colloidal silica. The as-polished
specimens exhibited no significant inclusions per ASTM-E-45 [11].

The polished specimens were subsequently etched with Vilella’s Reagent to reveal the resultant
microstructure. The longitudinal and transverse sections of this semiaustenitic stainless steel
exhibited fine carbides uniformly distributed within a tempered martensitic structure as shown in
Figures 912, respectively, for strap packs 1548 and 0899. The detrimental delta (free ferrite) phase
was not apparent to any discernable degree. This structure is consistent with the prior heat
treatment, cold rolling, and tempering schedule of the AM-355 precipitation hardenable stainless
steel. The material conformed to the governing specification HMS 6-1073.

15



Figure 10. Micrograph of a Longitudinal Section of 0899. Vilella’s Etch. Mag. S00x.
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Figure 12. Micrograph of a Transverse Section of 0899. Vilella’s Etch. Mag. 500x.
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6. Conclusions

The examination revealed that, for the two assembly QDR exhibits, the buckling along the
length was caused by a combination of controlling factors. The first being a dimensional
nonconformity with respect to the hole diameters, and the second being a transposition about the
Y-axis of the part that is not perfectly symmetric. All assembly laminates examined were found
to have hole diameters smaller than allowed per the specified part drawing BP-7-211421023.
The unassembled laminate sets were also examined and were found to contain the same
dimensional nonconformity. The transposition of the respective positions of the laminates within
the pack is prohibited after hole boring or reaming, per EPB-4-321, para. 3.3.1.3.1 [4]. However,
considering the laminates may have the finishing operations performed individually or in subsets
of the pack, a Y-axis transposition of a laminate with respect to its rotational orientation is most
likely the root-cause of the buckling, since it is not distinctly prohibited per the specification
(refer to the discussion section). All other characteristics of the laminates and assemblies were

found to conform to the governing part drawings and specifications.
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Appendix A:

Edge Break Data for Strap Pack 0899
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Appendix B:

Edge Break Data for Strap Pack 1548
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INTENTIONALLY LEFT BLANK.
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Appendix C:

Edge Break Data for Strap Pack 1174
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INTENTIONALLY LEFT BLANK.
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Appendix D:
Edge Break Data for Randomly Selected

Strap Pack Laminates
From Packs 1167-1177 and Two “Extra’ Laminates
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INTENTIONALLY LEFT BLANK
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